For dual-arm robot systems, which continue to become more common in the field of industrial robotics, a redundant shoulder complex could be very important to new developments. However, constructing a kinematically redundant shoulder complex is difficult because of spatial constraints. A novel redundant shoulder complex for a human-like robot that is driven by flexible wire tendons against spatial constraints is proposed. The kinematically redundant shoulder complex allows the human-like robot to generate more natural motions because of the availability of redundant degrees of freedom (DOFs), i.e. six DOFs per side. To control the proposed shoulder complex, a hybrid control scheme is used; the positioning precision was considered, and the ability of the shoulder complex to perform several human-like motions was verified.
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Introduction: In industrial robotics, robots are gradually leaving the highly structured factory environment to migrate into human-populated environments. To allow them to work in complex and populated environments which have been optimised for humans, researchers are actively studying human-robot interaction (HRI) and human-robot collaboration (HRC) [1, 2] .
For HRI and HRC designs, human safety and robot appearance are important design considerations. A robot should not endanger a human under any condition, and it should not look threatening because human emotions directly affect human performance [2] . To achieve a human-friendly robot design, the robot structure and motion need to be similar to those of humans. This allows robots to replace human workers without requiring the workspace to be redesigned. This trend has led to increased research on dual-arm robots, which have two arms and can work like humans [3, 4] . However, the dual-arm manipulators proposed in previous works have many constraints on realising human-like natural motions because of the limited degrees of freedom (DOFs). To achieve more natural motions and improve dexterity, the DOFs of the manipulator should be increased, i.e. develop a kinematically redundant manipulator, but this usually increases the weight and volume of the manipulator.
Particularly for manipulators, a redundant shoulder complex could not only help to provide wider motion ranges and more varied motions but also help to express feelings with gestures. However, most of the previous works developed shoulder complexes with only three DOFs because of the limited space for shoulders in human-like dual-arm robots [5, 6] . One viable solution to the spatial constraints is the wire-driven actuation mechanism shown in Fig. 2 . In this case, one wire is actuated by two geared motors, but the motors can be positioned in the robot body so that the narrow space for the shoulder complex can be efficiently used. This mechanism can also enhance human safety by the inherent compliance based on the elasticity of the wires.
Design of redundant shoulder complex: The human shoulder complex is generally composed of a glenohumeral joint and shoulder girdle. Each part has three DOFs, and the total shoulder complex has at least six DOFs [7] . Designs for dual-arm robots generally implement only the three DOFs of the glenohumeral joint for the shoulder complex due to limited space. However, the shoulder girdle was also constructed in this present study to achieve a kinematically redundant manipulator. Fig. 1 shows the proposed redundant shoulder complex of a human-like robot driven by flexible wire tendons. It consists of two revolute joints and two universal joints placed in sequence from the centre of the body (i.e. shoulder revolute joint, shoulder universal joint, humerus revolute joint and humerus universal joint). The complex has a total of six DOFs per side, but the size is similar to that of a human shoulder, as shown in Fig. 3 . Each joint is linked to a pair of two motors by flexible wires for antagonistic control, as shown in Fig. 2 .
Although only the right shoulder complex has been completely implemented so far, Fig. 1 shows the developed physical robot. Gear-embedded motors are installed inside the body, and wires are connected between each joint. Two motors are wrapped by a tube which guides the wires for winding around pulleys. The other end of the tube is fixed to the body frame to arrange the appearance and avoid interference among the wires and tubes. Six absolute position sensors with 17-bit resolution measure the joint angle at each joint, and 12 load cells with 19.6 kg.m/s 2 capacity are installed to check the wire tension during operation. ig. 3 Kinematic parameters, frame assignments for shoulder complex, CM and feasible motion ranges of each link: only right shoulder complex is shown, but robot has bilateral symmetry Control of redundant shoulder complex: The proposed shoulder complex is intended for industrial applications where a high position precision is demanded for practical manufacturing processes. For this reason, the general torque control used for robot models is unsuitable; it is hard to obtain the precise model parameters from a practical robot, especially one driven by flexible wires. The developed shoulder complex is a highly nonlinear system because of the complex mechanism and uncertainties of the mechanical parts with regard to the wound wires. The wires in the tube can move freely at any time but may also overlap and become irregular when being wound around the motor shaft. To remove these nonlinear aspects, a hybrid control scheme is used.
In the hybrid control method, the current position A′, which is adjacent to the goal position A, is held by the gravity compensation torque t Gi . The joint index i = 1, …, 6 for the six DOFs shoulder complex and the minute movement between the current position A′ and goal position A due to the small joint rotation Δθ is controlled by a conventional proportional-integral-derivative (PID) linear controller with the output torque t PIDi , as shown in Fig. 2 . The pre-tension torque t pre i ensures that the wire has enough tension without being loose. Each joint torque t Ji is the difference between the contraction-side motor (biceps of a human) torque t Bi and relaxation-side (triceps of a human) torque t Ti from the antagonistic configuration. An example is shown in Fig. 2 . The ith joint torque t Ji is as follows
where the angle q i is of the ith joint and its positive value means that it is measured anticlockwise from a line perpendicular to the ground, where q i = 0. Both of the torques t Bi and t Ti simultaneously contribute to generate the joint torque t Ji in antagonistic configuration. In (2), the functions H(x) and S(x) are as follows
For the gravity compensation torque t Gi , the forward kinematics should be derived before the gravity compensation term of the dynamic equation is determined. This is because the gravity compensation torque t Gi can be calculated by the partial derivative of the total potential energy of the robot with respect to q i , and the height of each link's centre of mass (CM) is needed to obtain the potential energy. Fig. 3 presents the kinematic parameters, frame assignments and the CM of each link for the proposed shoulder complex. Only the right shoulder complex is shown, but the robot has bilateral symmetry. The CM of each link is derived from the middle point of both shoulder complexes, which is the origin of frame {0} in Fig. 3 . The height h i of the ith CM can be easily calculated with the homogeneous transformation matrix A i obtained from the Denavit-Hartenberg parameter of the shoulder complex as follows
where the matrix A * i is the homogeneous transformation matrix from the link i − 1 to the CM in the link i. The function Z(X ) outputs the height from the origin of frame {0}. The height h 1 is zero because the CM of link 1 is fixed at the same height of the origin of frame {0} as shown in Fig. 3 . From the heights calculated from (4), the potential energy P of the dual-arm robot including the proposed shoulder complex is as follows
where m i is the mass of each link and g is the gravitational constant. Finally, the gravity compensation torque for each joint can be calculated from the partial derivative of the above energy P with respect to q i . The torque t PIDi can be simply obtained from the conventional PID linear controller. Table 1 presents the results, i.e. the root mean square error (RMSE) for the whole trajectory and steady-state error e(∞), of the trajectory tracking experiment on each joint with the proposed control method. Each joint followed the trajectory. Each joint shuttled once between the start and end positions of the assigned range for a total of 12 s. This trajectory consisted of ascent, hold, descent and hold phases, each performed within 3 s. The steady-state error of each joint was measured 12 s after the start of tracking. As noted earlier, practical applications in industrial manufacturing processes demand high positioning precision. The experimental results confirmed the precision of the proposed hybrid control method to be reasonable for industrial applications, especially in terms of the steady-state error. However, only this control scheme is still insufficient for practical manufacturing processes in terms of fast movement, enhanced safety, higher precision and lower vibration. Therefore, an advanced control strategy is needed Human-like motions by redundant shoulder complex: The ability of the proposed shoulder complex to perform human-like motions was verified. Fig. 4 shows four examples of human-like postures taken by the shoulder complex. The results emphasised that all of the motions required the redundant shoulder complex to be human-like and natural. Conclusions: This Letter proposes a novel kinematically redundant shoulder complex for a human-like robot driven by flexible wire tendons against spatial constraints. This shoulder complex allows the human-like robot to generate more natural motions because of the availability of redundant DOFs, as shown in Fig. 4 . In future work, an important remaining issue is determining a method to pass wires from each joint of the arm to the robot body without interference between parts. Moreover, in respect of control, an advanced control strategy to consider the robot dynamics with the wire model is needed. 
